An analysis of intracellular and extracellular leptospiral enzymes was made by use of starch-gel electrophoresis with natural and synthetic substrates. Of 37 serotypes examined for extracellular exterase, all had activity of varying mobility and degree. All extracellular preparations were negative for catalase, phosphatase, and naphthylamidase. Intracellularly, five serotypes were examined, including Leptospira (27) , and lipase (2, 23, 32). Phosphatase activity was determined by Dymowska and Zakrzewska (9) in culture filtrates of leptospires grown in Korthoff's medium, and results were equivocal.
Further, other enzymes heretofore unreported have been detected. These include esterases, phosphatases, lactic, malic, glutamic, succinic, a-glycerophosphate, and 6-phosphogluconic dehydrogenases, and a naphthylamidase. The presence of these enzymes suggests the existence of tricarboxylic acid, glycolytic, and pentose-related pathways in Leptospira. In addition, enzyme patterns show promise in leptospiral classification.
Recent investigations have established the presence of the following enzymes in leptospires: catalase (14, 35) , oxidase (13, 20) , transaminase (27) , and lipase (2, 23, 32) . Phosphatase activity was determined by Dymowska and Zakrzewska (9) in culture filtrates of leptospires grown in Korthoff's medium, and results were equivocal.
This study was concerned with a broad examination of leptospiral enzymes to (i) gain insight into metabolic sequences, (ii) relate enzyme patterns to classification and taxonomy as has been done for other bacteria (3, 25, 31) , and (iii) look for enzymatic differences between avirulent and virulent serotypes of leptospires.
MATERIALS AND METHODS
Cultures. In this study, 37 strains of leptospires were used (Table 1 ). All were grown initially in Stuart's (38) medium supplemented with 10% rabbit serum and 0.15% agar. Prior to enzymatic studies, all cultures were grown for two transfers in albuminTween 80 liquid medium (10, 11) . Before mass cultivation procedures were initiated, the cultures were washed and used as the inocula for extracellular and intracellular enzyme studies.
Extracellular enzyme preparation. Cell-free culture 'This is a portion of a dissertation submitted by Stanley S. Green to the faculty of the University of Missouri Graduate School in partial fulfillment of the requirements for the Ph.D. degree in Microbiology, January 1967. 2 filtrates were prepared to determine extracellular enzyme activity.
A 10-ml culture of each serotype grown in albuminTween 80 medium was washed twice with the buffer employed for media preparation. These washed cells were reconstituted to 5 ml, added to 100 ml of complete medium, and incubated in static culture for 7 days at 30 C.
Each culture was then centrifuged at 17,750 X g at 4 C for 30 min to sediment the cells. Cells were washed twice with the media buffer, and the washings were added to the supernatant fluid. This fluid was filtered through a 0.2-,u silver filter (Selas Flotronics, Spring House, Pa.) to obtain a cell-free preparation. The filtrates were dialyzed overnight against 16 liters of deionized water, lyophilized, and stored at -50 C until used.
Intracellular enzyme preparation. Five leptospiral
canicola Moulton, L. icterohaemorrhagiae RGA, and L. pomona S-91) were used individually to obtain intracellular material. The inocula (100 ml) were grown for 5 days at 30 C and then inoculated into 2 liters of the albumin-Tween 80 medium contained in 10 500-ml flasks. After a 7-day incubation period in static culture at 30 C, the cellular material was extracted. Each 2-liter amount of leptospiral culture was centrifuged at 14,600 X g at 4 C for 1 hr. The supernatant fluid was removed, the cells were washed twice with the media buffer, and these washings were added to the supernatant fluids, which were then frozen at -20 C. The cells were resuspended in 20 ml of the media buffer and subjected to the following fractionation procedure.
A French pressure cell (American Instrument Co., Disc electrophoresis methods (6) were used to obtain migration patterns of the intracellular proteins. The gel tubes were 85 mm long and had an internal diameter of 5 mm. All reagents (Canal Industrial Corp., Bethesda, Md.) were prepared according to Davis (6) . After adjusting the protein content of each sample to 125 ,ug, the electrophoresis was performed at a constant current of 4 ma per tube. When the tracking dye reached a point 5 mm from the base of the tube, the gels were removed and stained in 0.5% amido black in 7.5% acetic acid for 2 hr at room temperature. Destaining was accomplished by use of a constant current of 15 ma per tube until protein bands were visible against a clear gel. Gels were then stored in stoppered tubes containing 7.5% acetic acid.
Horizontal starch-gels were prepared by use of hydrolyzed starch (Connaught Medical Research Laboratory, Toronto, Canada). The starch was prepared in 0.03 M borate buffer at a pH dependent upon the material to be studied. Extracellular enzymes were run at pH 7.6 and intracellular enzymes at pH 8.6. Starch molds (200 by 20 by 6 mm) were prepared according to Smithies (37) , and, after starch solidification, the gels were wrapped in plastic and stored overnight at 4 C. When reagents were to be added to the starch before electrophoresis, the time chosen was just prior to the removal of air bubbles by aspiration.
Samples containing 5% protein were applied by saturating a piece of Whatman no. 1 filter paper and placing this in a slit cut 8 cm from the cathodic end of the gel. The molds were placed on buffer trays containing 0.3 M borate buffer at pH 7.6 (extracellular) or at pH 8.6 (intracellular), and electrophoresis was carried out at 4 C for 6 hr with a constant voltage of 7.5 v/cm. After electrophoresis, the gels were longitudinally sliced and, with the cut surface exposed, were subjected to enzyme localization.
Enzyme localization. To identify esterase activity, a-naphthyl butyrate and Fast Blue BB (Sigma Chemical Co., St. Louis, Mo.) were used according to the description of Markert and Hunter (26) . The gels were incubated until bands became evident.
Transamination reactions were followed by employing the procedure of Decker and Rau (7) with the omission of bovine serum albumin and polyvinylpyrollidone. L-Aspartic acid acted as the amino donor, and a-ketoglutaric acid, as the amino acceptor. Incubation was carried out at 30 C, and, after band development, the reaction was stopped by decanting the stain and adding 150 ml of 7.5% acetic acid.
The method of Young (41) was utilized for visualizing 6-phosphogluconic dehydrogenase activity. The reaction buffer was 0.5 M tris(hydroxymethyl)aminomethane (Tris) at pH 8.5 (1) . After the best bands developed, the gels were immediately examined, since fading of the starch was rapid.
The localization of phosphatase activity was accomplished by use of a-naphthyl sodium phosphate and Fast Red TRN (Dajac Laboratories, Philadelphia, Pa.), according to the procedure of Meyer et al. (29) and Wennstrom and Garber (40) . The incubation time was noted so as to determine the presence of acid or alkaline phosphatase. was the stabilized salt employed to stain the end product of the enzymatic reaction. All starch-gel strips (except transaminase) were incubated at room temperature, and the dehydrogenases were also incubated in the dark. After band development, all gels were rinsed in running tap water for 5 min and then wrapped in plastic. These were stored at 4 C until drawn or photographed.
The scale utilized to demonstrate the location of the extracellular esterases was arbitrarily chosen with ranges from -20 to +100. These numerical values do not represent true RF values, for there was no boundary from which an RF distance could be calculated.
RESULTS
The protein content of the extracellular preparations that were subjected to starch-gel electrophoresis all contained 95 to 100% protein, whereas intracellular material had variable protein concentrations which were adjusted to equal each other prior to electrophoresis. Electrophoretic patterns of the intracellular proteins in acrylamide gel are shown in Fig. 1 .
Esterases. Enzymatic activity with the synthetic esterase as substrate was found in all 37 strains of leptospires tested (Fig. 2-5 ). Figure 2 is an actual photograph of the gels, and Fig. 3 Malic, lactic, and a-glycerophosphate dehydrogenases were demonstrated in aU intracellular preparations subjected to electrophoresis (Fig. 7-9 ). Glutamic dehydrogenase was found only in L. biflexa Patoc I, and succinic dehydrogenase was demonstrated only in L. pomona S-91.
Two serotypes out of the five tested demonstrated catalase activity when assayed with 1% H202. Activity was present in L. pomona S-91 and L. canicola Moulton.
Acid phosphatase activity was present in all cellular preparations examined. Similar electrophoretic mobilities were seen when the five serotypes were compared to each other (Fig. 10) .
Enzymatic activities attributable to alcohol and glucose-6-phosphate dehydrogenases were absent in the intracellular preparations.
All extracellular material from the 37 serotypes was also negative for catalase, phosphatase, and naphthylamidase. Catalase and transaminase activity was confirmed in this study, but the former enzyme was demonstrated in only two serotypes, whereas the latter was present in all five serotypes tested. The cultures that were catalase-negative may indeed have the enzyme in such low levels that activity could not be detected by the methods employed.
Phosphatase activity in this genus was confirmed and was found to be intracellular but not extracellular in five leptospiral strains tested. The phosphatase detected was an acid phosphatase, since the 2-hr staining time at a buffer pH of 5.0 was sufficient to lower the gel pH from 8.6 to a point at which the enzyme present could catalyze the release of phosphate from the synthetic sub- activity, as well as the finding of cytochrome c (16) , have indirectly suggested the presence of dehydrogenase activity in leptospires. However, the presence of these enzymes was not demonstrated until now. The work reported here shows that leptospires possess a number of intracellular enzymes including dehydrogenases, phosphatases, and esterases.
On the basis of the demonstration of these newly identified enzymes, it is possible to examine the existence of several metabolic pathways that are now suggested in this group of organisms.
In view of the five dehydrogenases found in this study which are generally involved in the tricarboxylic acid cycle and glycolytic cycle, we suggest that this group of organisms has a similar mechanism by which energy can be produced from various substrates. This has been doubted in the past by Chang (4) and Marshall (28) .
L. pomona S-91 was found to possess 6-phosphogluconic dehydrogenase, although the other four serotypes lacked this enzyme activity. The pentose phosphate pathway represents a route for the formation of pentoses for nucleic acid synthesis and also for the interconversion of pentoses and hexoses. Another important function is to provide reduced NADP, which serves as a reducing agent in fatty acid synthesis. However, all of the serotypes tested lacked glucose-6-phosphate dehydrogenase activity, which is the first enzyme encountered in the pentose phosphate pathway. The possible explanation for the absence of 6-phosphogluconic in the four serotypes is that the enzyme level was below the detectable limit, even though the total protein among the samples was the same. At the same time, this explanation may suffice for the absence of glucose-6-phosphate. An analogous situation was found by Ragland et al. (34) , when Sarcina lutea was assayed for glucose-6-phosphate dehydrogenase activity. The organism had detectable amounts of 6-phosphogluconic acid dehydrogenase, but the glucose-6-phosphate dehydrogenase was below the level of detectability. A second explanation could be that leptospires have an alternate pathway involving 6-phosphogluconic acid dehydrogenase, and then this organism would not require glucose-6-phosphate dehydrogenase.
The Norris (31) found striking similarity between the esterase patterns of Bacillus thuringiensis and the antigenic pattern of the organism and thought this would be an aid in taxonomy. In the differentiating of mycobacteria, Cann and Wilcox (3) reported that four species differentiated by physiological criteria also had characteristic esterase patterns. Lund (25) was able to distinguish Streptococcus faecalis from S. faecium and S. durans by esterase patterns.
The intracellular protein patterns of the five strains tested were not varied enough to aid satisfactorily in a definite separation. In the results shown here, the L. biflexa strains show more similarity to each other in their protein patterns than to the other three serotypes, but there is a marked similarity to all of these patterns and to the stainable bands that can be visualized. There is a possibility that the bands of protein are more genus-specific. However, more work would have to be done to make a final evaluation. Lund (25) (17) , growth in egg yolk (19) , growth in the presence of 8-azaguanine (22) , and also the oxidase test (18) , have been utilized as differential criteria.
Some differentiation can be made via enzyme patterns. The extracellular esterases of the L. biflexa group of organisms have activity primarily located at the origin, whereas the pathogenic groups all migrate toward the anode. The scale for the extraceilular patterns places the majority of the activity of the pathogenic serogroups in the area of +10 to +40, whereas the L. biflexa patterns are at the origin at 0 to +10, with two exceptions that moved to -10.
A second enzyme that may be more valuable than esterase activity for our purposes is naphthylamidase, which is found in the pathogenic serotypes and not in the saprophytes. Urabi et al. (39) had some success differentiating atypical mycobacteria from acid-fast saprophytes by testing for formamidase; Muftic and Schroder (30) obtained more conclusive results by use of various naphthylamides, and they were able to separate members of the genus Bacillus. Further work has to be done, however, with this reaction, and many more pathogenic and saprophytic strains will have to be used to check the reliability of such a differential test.
